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INTRODUCTION
Micturition is an exceptionally complex and coordinated physiological event involving muscle activity in the lower urinary tract (LUT) with a distinct activation pattern controlled by both autonomic and somatic neuronal pathways [1] . The sensation of bladder filling depends on the activation of different mechanosensitive receptors [2] , including ionotropic P2X3-containing receptors (heteromeric [P2X2/3]3 and homomeric [P2X3]3, abbreviated in this report as P2X3R), which are expressed in afferent nerve terminals of the urinary bladder, where they play a key role in bladder afferent transmission to the central nervous system [1, 3] .
The urothelium-derived excitatory transmitter adenosine triphosphate (ATP) is released from either nerve terminals or urothelial cells during bladder filling to trigger the activation of P2X1 receptors in detrusor cells, stimulating bladder contractions [4] . Similarly, the same ATP release can activate P2X3R in bladder afferent terminals [5] , triggering sensory signals that convey information regarding bladder-filling conditions, as well as signals for bladder pain perception. This activation of P2X3R is critical for initiation of the micturition reflex [6, 7] .
Efficient voiding requires coordinated contraction of the detrusor with relaxation of the external urethral sphincter (EUS). Elucidating the associated changes in bladder pressure and the contractile activity of the LUT musculature will provide a better understanding of active bladder functions during the voiding phase and the effects of pharmacological treatments [8] [9] [10] [11] . Currently, cystometric and electromyographic evaluations are commonly used to determine real-time bladder pressure and EUS activity, respectively [12] . Despite the widespread studies of EUS electrophysiology, to date, no study has thoroughly investigated the simultaneous coordination of electrical signals from the rodent urinary detrusor with concurrent bladder pressure changes and the EUS [8] [9] [10] [11] 13, 14] . Interestingly, a urodynamic model incorporating electromyography of the EUS with bladder pressure monitoring has been developed for LUT evaluation using fully awake rats [14] . Similarly, a recent study compared the electromyographic characteristics of the EUS with changes in bladder pressure of mice and rats with and without spinal cord injury leading to LUT dysfunction [15, 16] . Nevertheless, to the best of our knowledge, no previous study has presented simultaneous recordings of electrical signals in the detrusor and analyzed their associations with changes in bladder pressure and electromyography of the EUS.
For a more complete representation of the electrophysiological processes in the LUT required for effective micturition, we used a multichannel recording approach, employing flexible electrodes. Proposals have been made to utilize P2X3R as a target to alleviate chronic pain [17] and neurogenic bladder dysfunction in rats with spinal cord injury [18, 19] , and as a means to investigate cystometric changes in vivo using specific antagonists [20] . Consequently, we evaluated the effects of the intravesical application of the P2X3R purinergic receptor antagonist AF-353 [17] on EUS and detrusor electrical activity as well as bladder cystometric properties during the generation of intraluminal pressure high frequency oscillations (IPHFOs) [21] .
MATERIALS AND METHODS
Procedures were approved by the Institutional Animal Care and Use Committee (IACUC) (ID # AUP-0615-0044/IS00001252) at Houston Methodist Research Institute, and performed in accordance with the guidelines of the National Institutes of Health on the care and use of laboratory animals [22] . Every effort was made to minimize the suffering of the animals and the number of animals used, in accordance with IACUC requirements.
Animals and Surgical Procedure
A total of 8 female Sprague-Dawley rats, 12 weeks of age and weighing 250-300 g, were purchased from Envigo (Research Model Services, Houston, TX, USA), and housed in a pathogen-free environment under a 12-hour light/dark cycle, a controlled temperature of 25°C, and ad libitum access to food and water in plastic cages containing corn cob bedding. Rats were anesthetized with a single subcutaneous dose of urethane (1.2 g/kg) to maintain responsiveness of the spinal micturition reflex. After reaching the anesthetic plane, an abdominal incision was performed, the abdominal muscles were dissected, and the pubic bone was mechanically separated to expose the entirety of the LUT (i.e., the urinary bladder and EUS). A suprapubic catheter (PE-50) was introduced into the bladder dome, secured with a 6-0 silk suture, and connected to a 3-way valve for both intravesical infusion and bladder pressure monitoring (World Precision Instruments, Sarasota, FL, USA).
Design of Flexible Microelectrodes
Microelectrodes were assembled with stainless steel springs 1 cm in length with an external diameter (ID) of either 0.254 mm or 0.457 mm (Fig. 1A) . One end of the spring was soldered to a 42-AWG microcoaxial cable 10 cm in length (Digi-Key Elec-tronics, Thief River Falls, MN, USA), and the solder joint was covered with standard silicone tubing, with an ID of either 0.51 mm or 0.31 mm. The other end of the microcoaxial cable was fastened to a DuPont-style male crimp pin and receptacle, for connection to the electrode head-stage on the amplifier.
Electromyographic and Cystometric Recording System
Signals were acquired with a digital electrophysiology amplifier that incorporated both analog and digital filters (RHD2000 Amplifier; Intan Technologies, Los Angeles, CA, USA). Electromyographic signals were recorded with a 5-kHz sampling rate and a bandwidth between 0.09 Hz and 1 kHz. Changes in bladder pressure were recorded using a sampling rate of 1.25 kHz through an auxiliary port on the amplifier board and in parallel with electromyographic signals. One 0.457-mm electrode was placed on the left pectoral muscle for heart rate monitoring, and 4 more were attached on the bladder dome, upper bladder, lower bladder, and bladder base. Lastly, a 0.254-mm microelectrode was placed in the middle part of the EUS (Fig.  1B) . Two additional electrodes were connected to the animal for signal grounding and reference.
Open Cystometric Procedures
After all electrodes were secured in their positions and the suprapubic catheter was connected to an infusion pump, an intravesical infusion of vehicle solution (0.9% NaCl + 0.01% dimethyl sulfoxide) was initiated at a perfusion rate of 0.1 mL/ min, as described elsewhere [20] . Recording periods ranged from 30 to 45 minutes for each animal, and contained an average of 10-12 voiding events. Thereafter, the suprapubic catheter was unplugged from the 3-way valve, and the system was flushed with a saline solution containing the P2X3-P2X2/3 antagonist AF-353 [17] at a concentration of 10 μM diluted in saline with a final dimethyl sulfoxide concentration of 0.01%. The dose was chosen based on previous research involving the in vivo cystometry of intact Sprague-Dawley rats as well as the contractile response of bladder strips to different concentrations of AF-353 [20] . With the bladder emptied, and the suprapubic catheter reconnected to the infusion pump, perfusion with the P2X3R antagonist was restarted for additional 30-45 minutes of recording. Micturition events were defined as voiding contractions accompanied by vehicle expulsion (visually) and the presence of IPHFOs (during cystometry). Due to the supine position of the animal for electromyography, the voided volume was not recorded. If a contraction was > 5 cm H2O but no expulsion was present, it was considered to be a nonvoiding contraction and was not included in the final electromyography analysis [21] . All animals were euthanized with CO2 under deep urethane anesthesia at the end of the evaluations.
Chemicals
Urethane and sterile-filtered dimethyl sulfoxide were purchased from Sigma-Aldrich (St. Louis, MO, USA). The specific P2X2/3 receptor antagonist AF-353 was donated by Afferent Pharmaceuticals (now part of Merck & Co., Inc., Kenilworth, NJ, USA).
Data Analysis of Electrical Signals of the LUT During Open Cystometry
Data files were processed using a combination of customized MATLAB (MathWorks, Natick, MA, USA) and Intan (Intan Technologies, Los Angeles, CA, USA) algorithms. Our analysis suggested that frequencies higher than 20 Hz produced erroneous spikes in amplitude that were present at all times, regardless of any event during the micturition cycle or intercontractile interval, and therefore considered as noise. We considered a frequency range of 5-20 Hz to be optimal for characterizing LUT electrical activity. Using the bladder pressure data, we were able to identify the beginning and end points of the IPHFOs (Fig.  1C) . Peak analysis was performed with custom MATLAB scripts to determine the amplitude (µAmp) and frequency (Hz) of the recorded signals at 3 regions, which we defined as prevoid (i.e., before the IPHFO), void (during the IPHFO), and postvoid (after the IPHFO) activity.
Statistical Analysis
A total of 8 animals were used in this study. To analyze the statistical differences among electromyographic signal amplitudes, analysis of variance was performed for all groups using multiple comparison followed by the Tukey posttest to correct for the multiple comparison and to determine confidence intervals and significance. Statistical comparisons of cystometric parameters were made using the unpaired Student t-test for saline versus AF-353 conditions. In all cases, Prism software (GraphPad Prism, La Jolla, CA, USA) was used. All values are presented as mean ± standard error of the mean, with P-values < 0.05 considered to indicate statistical significance.
RESULTS

LUT Electrical Responses During Open Cystometry and Effects of P2X3R Inhibition
A detailed analysis of electrical responses in the various bladder regions and the EUS during voiding contractions supports the feasibility of our approach (Fig. 2) . During vehicle infusion, the electrical activity ( Fig. 3A ; from top to bottom) in the dome, upper bladder, lower bladder, base of the bladder, and EUS showed a clear association with the generation of IPHFOs (bottom panel). The intravesical application of AF-353 in the same animal generated a clear reduction of electrical signals in the corresponding bladder regions (Fig. 3B) . Pharmacological inhibition of P2X3R led to an increase in the intercontractile interval (Fig. 4A ) and a decrease in both the bladder pressure threshold (Fig. 4B ) and IPHFO duration (Fig. 4C) , reproducing cystometric effects seen in previous studies [20] .
Associations Between LUT Electrical Signals and Bladder Pressure
We distinguished 3 different stages of electrical signal generation during the voiding event (Fig. 5A ). For clarity, only the signals for the dome (blue line), the EUS (black line), and bladder pressure (red line) are shown in this example. The 3 different stages corresponded to increased electrical activity prevoid (Fig.  5B) , electrical activity during the actual voiding event (Fig. 5C ), and postvoid electrical activity (Fig. 5D ). The electrical activity in all channels returned to baseline levels after the end of the IPHFO and remained at baseline until a subsequent voiding event was initiated (Fig. 2) .
Intravesical Inhibition of P2X3R Decreased Electrical Signals in the Bladder, but Not the EUS
Intravesical application of the P2X3R antagonist (Fig. 6 ) led to an appreciable reduction in electrical signals from the bladder (blue line for dome) compared to those from the EUS (black line) during the IPHFO (red line). Although a trend was observed in the prevoid region (Fig. 6B) , the main effects were recorded in the bladder signals during the actual voiding event (Fig. 6C) . The electrical activity from the EUS was not affected during any portion of the voiding or postvoid phases (Fig. 6D ).
As observed with the vehicle, at the end of the IPHFO, the electrical activity returned to baseline levels.
Intravesical Antagonism of P2X3R Decreased the Amplitude of Electrical Signals in the LUT
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electrical signals of the LUT during the pre-and postvoid stages after P2X3R inhibition. Nonetheless, the amplitudes of the electrical signals during IPHFO were significantly reduced by the intravesical application of AF-353 at the bladder dome (Fig.  7B) , the upper bladder region (Fig. 7C) , and the lower bladder region (Fig. 7D) . The amplitude of the electrical signals in the bladder base or in the EUS did not change after P2X3R antagonist administration (Fig. 7E, F) .
DISCUSSION
We made simultaneous recordings of the electrical activity gen- erated in various regions of the LUT during open cystometry in anesthetized female rats. Due to the geometry and flexibility of the electrodes, no perforations of the bladder occurred during cystometric filling, providing a greater contact area for signal acquisition than can be accomplished using standard electrodes. As has been observed during electromyographic recordings from the EUS made using needle electrodes [16, 23] , we noted that electrical activity started before voiding. Interestingly, when bladder pressure and electrical waveforms were superimposed, a consistent trend was observed in which the dome of the bladder was consistently 180° out of phase with the EUS (Fig. 3B) . Although attenuated, this activity pattern from the detrusor muscle also occurred during voiding and in the presence of AF-353, supporting the idea that during bladder distension, P2X3R activation is required for an effective voiding contraction to be generated [24] .
EUS relaxation and detrusor contraction must be coordinated for an efficient voiding event to occur [25] . Changes in LUT bladder pressure and electromyographic activity throughout typical voiding events allowed us to evaluate the collaborative efforts of multiple systems during the micturition process. Further, the effects of the intravesical application of a P2X3R antagonist support the key role of P2X3R in bladder sensory communication and suggest that they are required for the initiation of an efficient micturition reflex.
The ATP released from nerve terminals or urothelial cells can trigger the activation of P2X1 receptors expressed in detrusor cells and then stimulate bladder contractions [26] . Furthermore, those changes in ATP also activate P2X3R signals that convey information regarding bladder-filling conditions for pain perception or initiation of the micturition reflex [27] . The results of this study demonstrate the regulatory role played by intravesical P2X3R. Specifically, we were able to elucidate an orderly pattern of activity within each voiding cycle and to observe attenuation resulting from P2X3R inhibition.
In a clinical environment, muscarinic antagonists are used to manage neurogenic bladder overactivity and other dysfunctions associated with disorders such as diabetes, spinal cord injuries, multiple sclerosis, or other neurological conditions [28, 29] . These antimuscarinic therapies are accompanied by secondary side effects that contribute to low compliance by patients, motivating the search for alternative treatments. With this in mind, P2X3R inhibition via the intravesical infusion of AF-353 during open cystometry may be a pharmacological candidate for attenuating bladder overactivity. Although we did not evaluate the permeability of AF-353 into different bladder layers, due to the presence of DMSO and the observed decrease in the strength of the electrical signals, we can assume that it does penetrate the layers of the bladder, reaching the afferent innervation. Finally, the intravesical inhibition of P2X3R by a low concentration of AF-353 [20] supports the role of these receptors in regulating the activity of bladder afferent nerves, and conceivably the urothelial sensory role of these receptors [3, 20, 30] . The electrophysiological measurements during voiding contractions suggest that electromyographic activity begins before, peaks at, and ends after the IPHFO recedes. These phases were observed during saline infusion and intravesical AF-353 infusion, although they were attenuated with the latter. This trend was clearly defined and therefore suggestive of a signal activation pattern that is transmitted throughout the detrusor regions of the bladder. There is a dearth in detrusor musculature activity during the intercontractile interval and bladder-filling (Fig.  2) , illustrating the absence of any appreciable detrusor electrical activity throughout the filling phase. Leading up to the voiding phase, the bladder seems to remain in this passive state until a nociceptive response and the recruitment of mechanosensitive receptors, including P2X3R, help initiate the voiding phase [2] . These characteristics of amplitude, phased signal generation, and quiescent detrusor electrical activity despite bladder movement due to filling help eliminate the possibility that our recordings were mere signals produced during muscle contractions.
Additionally, the amplitudes of the electrical waves were significantly reduced during the intravesical inhibition of P2X3R. It has been shown that efficient bladder contractions involve neural and smooth muscle components [2, 31] , and based on the electrical properties of the detrusor and its sensitivity to afferent inhibition, we propose that the origin of the LUT activity recordings was likely neurogenic, with a strong secondary myogenic component. Interestingly, our analysis suggests that electrical signals between the bladder dome and the EUS were nearly 180° out of synchrony during both saline and AF-353 infusion. This observation suggests the presence of a coordinated action between the relaxation of the urethra and the contractions of the detrusor to generate IPHFOs, which are required for efficient voiding in anesthetized female rats.
We observed that the dome of the bladder showed the largest wave amplitude, followed by the EUS, upper bladder, lower bladder, and the bladder base. These observations could be suggestive of a pattern of contractile propagation with regard to the amplitude of the electrical response and the initiation of micturition based on the type of innervation at a particular region of the LUT. For example, parasympathetic innervation coreleasing acetylcholine and ATP in the dome may be different (i.e., higher) than in the bladder base or the EUS, thus explaining the reduction in amplitude generated by the P2X3R antagonist. This trend was observed when AF-353 was applied, albeit with significantly reduced wave amplitude, but these findings are consistent with the proposal that the signals may be primarily neurogenic in origin.
The basic suggestion generated by the findings of our study is that attenuation of the P2X3-component of the afferent signal may produce a reduced contractile force because the animal may not be able to sense the actual bladder volume (i.e., the electromyographic and efferent responses are weaker). This sensory 'impairment' may be due to the inhibition of P2X3R in afferent nerve terminals, urothelial cells, or both. In the latter case, urothelial P2X3R may be acting as an amplifier for the release of ATP for assisting afferent activation. Finally, the correlation between urinary bladder distention and mechanical reflex capacity may be diminished due to the attenuated P2X3R-mediated signal. An exploration of simultaneous detrusor and EUS electrophysiology may lead to a better understanding of experimental models of the LUT in health and disease.
